Preeclampsia: the clinical syndrome
===================================

Preeclampsia is the most common hypertensive disease of pregnancy, affecting 5--8% of pregnancies ([@b72-0050009]) and accounting for nearly 18% of maternal deaths ([@b3-0050009]) in the United States. Little change has been noted in the incidence of this disease in the United States during the national data-collection periods of 1993--1997 and 2001--2005 ([@b9-0050009]). Preeclampsia is also associated with adverse fetal outcomes, including intrauterine growth retardation (IUGR), placental abruption, oligohydramnios and non-reassuring fetal surveillance. It is clinically defined as hypertension and proteinuria with onset following the 20th week of pregnancy ([@b87-0050009]). Preeclampsia can be further differentiated into mild and severe forms.

Mild preeclampsia is defined by a systolic blood pressure of \>140 mmHg or a diastolic blood pressure \>90 mmHg in combination with 300 mg of proteinuria over 24 hours. Blood pressure elevations must be confirmed via two separate measurements taken at least 6 hours apart. Severe preeclampsia is diagnosed if there are more severe elevations of blood pressure or evidence of other end-organ dysfunction. The specific criteria as defined by the American Congress of Obstetricians and Gynecologists (ACOG) are shown in [Box 1](#box1){ref-type="boxed-text"}. Patients with severe preeclampsia can also exhibit hemoconcentration due to intravascular volume depletion and elevated serum uric acid levels ([@b87-0050009]). HELLP syndrome is a specific variant of severe preeclampsia. HELLP is an acronym for hemolysis, elevated liver enzymes and low platelets. It has been suggested that, to meet the criteria for HELLP syndrome, a patient's test results must indicate: microangiopathic anemia on a peripheral smear; liver aspartate aminotransferase (AST) levels \>70; lactate dehydrogenase (LDH) levels \>600 or total bilirubin \>1.2 (indicative of significant hemolysis); and a platelet count \<100,000 ([@b75-0050009]). Other recommendations are less stringent and recognize the diagnosis of partial HELLP syndrome when some of the above characteristics are absent.

The multiple criteria for the diagnosis of severe preeclampsia illustrate the multifocal nature of the disease. Elevated proteinuria and oliguria are indicative of renal dysfunction. Headache and visual changes are evidence of central nervous system involvement. Impaired liver dysfunction is typically defined as liver function tests \[AST or alanine aminotransferase (ALT) levels\] that exceed twice the upper limit of normal ([@b3-0050009]). Fetal growth restriction is variously defined as an estimated fetal weight of less than the 10th, 5th or 3rd percentile ([@b27-0050009]).

Management of preeclampsia consists of two options: delivery or observation. Management decisions depend on the gestational age at which preeclampsia is diagnosed. The only effective treatment for preeclampsia is delivery of the fetus and placenta, and the decision to deliver involves balancing the potential benefit to the fetus of further in utero development with fetal and maternal risk of progressive disease, including the development of eclampsia, which is preeclampsia complicated by maternal seizures. The decision can be difficult for the clinician because expectantly managed (actively surveyed) preeclampsia can progress and threaten the life of both the mother and the fetus. However, premature birth remains a leading cause of neonatal morbidity and mortality worldwide ([@b28-0050009]). Mild preeclampsia at 37 0/7 weeks gestation or greater should be treated with expeditious delivery ([@b87-0050009]). Women diagnosed with mild preeclampsia prior to 37 weeks of gestation can be managed expectantly until they reach 37 weeks provided they undergo regular antenatal testing and maternal evaluation to monitor for fetal deterioration and/or progression to severe preeclampsia. It is generally recommended that patients with severe preeclampsia deliver once they reach 32--34 0/7 weeks of gestation. The onset of severe preeclampsia prior to fetal viability (23--25 weeks of gestation) is also generally treated by delivering the fetus. Management of severe preeclampsia when onset is detected between 24 and 34 weeks of gestation requires complex decision making and should optimally involve a practitioner with extensive experience, such as a Maternal-Fetal Medicine specialist. Expectant management over this gestational age range has been shown to have benefit to the fetus, but should only be done if the disease process can be managed to minimize the risk to the mother ([@b75-0050009]).

###### American Congress of Obstetrics and Gynecology (ACOG) criteria for diagnosis of severe preeclampsia

Preeclampsia is considered severe if one or more of the following criteria is present ([@b3-0050009]): Blood pressure of 160 mm Hg systolic or higher, or 110 mm Hg diastolic or higher on two occasions at least 6 hours apart while the patient is on bed restProteinuria of 5 g or higher in a 24-hour urine specimen, or 3+ or greater in two random urine samples collected at least 4 hours apartOliguria of less than 500 ml in 24 hoursCerebral or visual disturbancesPulmonary edema or cyanosisEpigastric or right upper-quadrant painImpaired liver functionThrombocytopeniaFetal growth restriction.

###### Clinical terms

ALT (alanine aminotransferase)

:   measurement of ALT levels is a common blood test. Elevations in ALT are indicative of liver damage. Normal range in pregnancy is 3--32 U/l.

AST (aspartate aminotransferase)

:   measurement of AST levels is another common blood test. Elevations in AST are indicative of liver damage. The normal range in pregnancy is 2--33 U/l.

Cervical exam

:   a digital exam of the patient's cervix that is commonly performed by the practitioner during pregnancy. Dilatation, effacement (thinning), position, consistency and station of the fetal-presenting part are assessed. These values are combined to give a Bishop score. A low Bishop score (\<6) indicates a low likelihood of successful induction of labor. A high Bishop score (\>8) is associated with a high likelihood of successful induction of labor.

Eclampsia

:   seizures occurring in a pregnant woman that are not the result of a prior neurological condition. Occurs almost exclusively in women with preeclampsia.

Epigastric pain

:   pain located just inferior to the sternum, in the upper and central portion of the abdomen. Can indicate liver involvement in a woman with preeclampsia.

Fetal heart monitoring

:   continuous tracing of the fetal heart rate. The presence of accelerations and beat-to-beat variability are reassuring. The loss of variability, especially when accompanied by decelerations in rate, is suggestive of fetal distress.

Hemoglobin and hematocrit

:   analysis provides measurements of the red blood cell count. Hemoglobin is reported in g/dl and hematocrit is reported as a percentage of the blood volume. Normal ranges vary across pregnancy, but are generally between 9.5 and 15 g/dl for hemoglobin and 28--40% for hematocrit.

Oligohydramnios

:   decreased volume of amniotic fluid.

Oliguria

:   low urine output (below 300--500 ml/day).

Placental abruption

:   separation of the placental lining from the mother's uterus. Can cause severe and abrupt late-pregnancy bleeding and is a cause of fetal and maternal mortality.

Proteinuria

:   excess protein in the urine; indicates kidney damage.

The multifocal nature of preeclampsia is related to its pathogenesis. Although the exact pathway leading to preeclampsia continues to be poorly defined, many promising insights are discovered every year. Continued interest in this disease process, as evidenced by over 25,000 published articles on preeclampsia, has led to a variety of useful but imperfect in vitro and animal models for a disorder that is fairly restricted, albeit not exclusive, to humans. In this Clinical Puzzle article, we discuss the multiple pathological factors and processes that contribute to preeclampsia and the existing experimental models used to study them, and highlight outstanding research questions in the field.

Pathophysiology of preeclampsia
===============================

The clinical manifestations of hypertension and proteinuria that define preeclampsia probably represent the late stage of a disease that begins very early in pregnancy. There are multiple theories, and little agreement, about the ultimate cause of preeclampsia, and it is likely that many different initial insults converge on a common pathophysiology (or two common pathophysiologies, if considering early- and late-onset preeclampsia separately). However, what is clear is that all forms of the disease are characterized by a disruption of vascular remodeling and a systemic anti-angiogenic response. The underlying mechanisms contributing to these changes remain unclear and might overlap. Among the possible mechanisms that have been most studied are alterations in the maternal immune response to the allogenic fetus and placental oxygen dysregulation (including inappropriate placental hypoxia and hypoxia-reoxygenation injury).

In normal pregnancy, cytotrophoblast cells originating in the anchoring villi of the fetal portion of the placenta attach to and invade the maternal endometrium (a process known as interstitial invasion). A subset of these extravillous trophoblast cells acquires endothelial characteristics and invades maternal spiral arteries (known as endovascular invasion). During early pregnancy, these trophoblast cells plug the spiral arteries, maintaining a hypoxic uterine environment. They ultimately replace some of the endothelial cells in the vessel wall and alter vessel compliance so that it becomes 'leaky' and allows maternal blood to fill the intervillous spaces of the placenta ([Fig. 1](#f1-0050009){ref-type="fig"}) ([@b42-0050009]; [@b38-0050009]).

It is clear from placental samples examined at term, as well as from Doppler ultrasound study of placental perfusion, that the remodeling of spiral arteries is incomplete in patients with preeclampsia. Fewer trophoblast cells are present within the spiral arterioles, and the vessel walls remain stiff ([@b44-0050009]; [@b4-0050009]). Although, by definition, preeclampsia can be diagnosed only after the 20th week of pregnancy (and clinically typically presents even later), this vascular remodeling occurs during the first two trimesters. In normal pregnancies, endovascular extravillous cytotrophoblast cells have been identified by 9 weeks of gestation ([@b19-0050009]), and intervillous blood flow is not established until 10--12 weeks of gestation ([@b16-0050009]; [@b14-0050009]). Thus, poor trophoblast invasion is an early event in disease progression, although it has not been determined whether it is the cause of preeclampsia or a result of another underlying problem. It has been hypothesized that, without proper remodeling of maternal spiral arteries, the placenta is deprived of oxygen and that the resulting hypoxia triggers the symptoms of preeclampsia. However, poor trophoblast invasion is also observed in intrauterine growth restriction without hypertension, suggesting that this alone is not sufficient to cause preeclampsia ([@b44-0050009]; [@b66-0050009]).

![**Invasion defects in preeclampsia.** (A) In a normal placenta, extravillous cytotrophoblast (ECTB) cells (green) move into the decidua (endometrium) and myometrium via interstitial invasion. Some ECTB cells enter maternal spiral arteries and replace the endothelial cells of the vessel walls, becoming endovascular ECTB (eECTB) cells, increasing vessel compliance and maximizing blood flow into placental blood spaces. (B) In the placenta of a preeclamptic patient, interstitial invasion is shallow and limited, with many ECTB cells in the basal plate remaining attached to anchoring villi (AV). Endovascular invasion is nearly absent, and spiral arterioles remain 'stiff'. FV, floating villi. Image courtesy of The Curators of the University of Missouri (2011), a public corporation.](DMM008516F1){#f1-0050009}

There is strong evidence that changes in circulating levels of regulators of angiogenesis cause many of the clinically significant symptoms of preeclampsia. Members of the vascular endothelial growth factor family, VEGF-A, VEGF-B and placental growth factor (PLGF), act through a family of membrane receptors to regulate angiogenesis. Binding of VEGF-A to VEGFR2, or PLGF to VEGFR1 \[also known as Fms-like tyrosine kinase-1 (FLT-1)\] promotes angiogenesis, whereas the soluble form of FLT-1 (sFLT-1) inhibits angiogenesis ([@b92-0050009]). Clinical studies have demonstrated an increase in circulating levels of sFLT-1, and a significant increase in the ratio of sFLT-1 to PLGF, in both early- and late-onset preeclampsia ([@b50-0050009]). Similarly, increased placental expression and circulating concentrations of soluble endoglin, an inhibitor of capillary formation, are associated with preeclampsia and are positively correlated with disease severity ([@b84-0050009]).

Models of preeclampsia
======================

Several key aspects of preeclampsia can be studied in vitro (see below), but the nature of the disease limits the utility of cell culture models. Specifically, preeclampsia involves changes in the behavior of fetal trophoblast cells, their interactions with maternal endothelium and the reaction of the maternal system to these vascular changes. Therefore, whole-animal models are needed to recapitulate the complex interactions that underlie preeclampsia. An ideal animal model of this disease would exhibit all the symptoms seen in women with preeclampsia, including hypertension, proteinuria, endothelial dysfunction and an imbalance of angiogenic factors, all of which arise secondary to poor trophoblast invasion and resolve following delivery of the placenta ([@b57-0050009]).

Differences in placentation among mammals make the search for a model that satisfies these criteria a challenge. Artiodactyla, or cloven-hoofed mammals, have a highly evolved, non-invasive placental type that reduces the usefulness of traditional large animal models such as sheep for the study of trophoblast invasion ([@b89-0050009]). Although cost and availability are limiting, non-human primate placentas are most similar to those in humans. However, even among primates, spontaneous preeclampsia has only been reported in baboon twins ([@b36-0050009]) and in the patas monkey, and not all of the current criteria for preeclampsia were assessed in these animals ([@b32-0050009]; [@b62-0050009]). Similar reports of preeclampsia in the guinea pig also predate the establishment of current criteria and might represent ketosis (or toxemia) rather than preeclampsia ([@b68-0050009]; [@b30-0050009]). In veterinary medicine, ketosis of pregnancy, which is a well-defined condition in ruminants, is called pregnancy toxemia, a term that often was used in the past for preeclampsia ([@b11-0050009]). Among laboratory models, the guinea pig and other caviomorph rodents (e.g. degus) have a placental morphology and degree of placental invasion that is most like those found in humans, including the presence of populations of cells that resemble cytotrophoblast cells and extravillous trophoblast cells ([@b59-0050009]).

Nonetheless, the vast majority of work with animal models of preeclampsia has been performed in the rat and mouse. These rodents share a hemochorial placental type with humans, and their placentas display both interstitial and endovascular trophoblast invasion as well as remodeling of maternal arteries, albeit to a lesser extent than in humans. Rat placentas exhibit more invasion than mouse placentas. Although they do not progress to eclampsia, there are numerous rodent models that display some or all of the key features of preeclampsia. These have been extremely useful in elucidating the pathophysiology and potential causes of the disease. In the following sections, we describe the currently available in vitro and in vivo models that are used to study certain aspects of preeclampsia (summarized in [Table 1](#t1-0050009){ref-type="table"}).

###### 

Preeclampsia research models

![](DMM008516T1)

Models of trophoblast invasion
------------------------------

As discussed, poor trophoblast invasion of maternal spiral arteries is a key feature of preeclampsia. There are multiple in vitro models of trophoblast invasion, including cultured placental explants, primary trophoblast cells, human embryonic stem cells and human choriocarcinoma cells ([Fig. 2](#f2-0050009){ref-type="fig"}). These cells can be cultured under typical conditions on plastic dishes, or using invasion chambers coated with Matrigel or other extracellular matrix substitutes ([@b38-0050009]). Co-culture of primary or transformed trophoblast cells with endothelial monolayers, explanted capillaries or vessels generated in vitro has also been used, and might be more relevant for the assessment of endovascular invasion ([@b38-0050009]). An animal model that directly tests the ability of reduced trophoblast invasion to cause preeclamptic symptoms has not been reported. One potential model for this aspect of the disease involves administration of doxycycline to pregnant rats. In this model, doxycycline acts as a matrix metalloproteinase inhibitor, and reduces spiral artery remodeling and trophoblast invasion ([@b85-0050009]). The authors of this study used doxycycline administration in an existing transgenic model of preeclampsia (the renin-angiotensin model discussed below), but did not report whether doxycycline treatment alone causes preeclampsia symptoms.

![**Factors contributing to the pathophysiology of preeclampsia.** The multiple factors that have been proposed to contribute to preeclampsia can be divided into four main categories. Biological models have been used to show that factors in each category contribute to the main symptoms of preeclampsia (hypertension and proteinuria). In addition, these factors influence each other. For example, placental oxygen disruption might impair trophoblast invasion and vice-versa; increased expression of inflammatory cytokines increases expression of anti-angiogenic sFLT-1; autoimmune responses increase placental HIF1α expression; and trophoblast death due to hypoxia might increase autoantibody production.](DMM008516F2){#f2-0050009}

Modeling the anti-angiogenic response
-------------------------------------

Overexpression of anti-angiogenic factors in rodents represents one important class of animal models of preeclampsia ([Fig. 2](#f2-0050009){ref-type="fig"}). Overexpression of circulating sFLT-1 in pregnant rats ([@b56-0050009]) or in the placenta of pregnant mice ([@b45-0050009]) is sufficient to cause the hypertension, proteinuria and renal damage characteristic of preeclampsia. Overexpression of soluble endoglin (sENG) in pregnant rats also increases blood pressure and proteinuria, although not to the same extent as overexpression of sFLT-1, and increases are most severe with simultaneous overexpression of sFLT-1 and sENG ([@b84-0050009]). The effect of sFLT-1 is not dependent on pregnancy: hypertension is also observed in sFLT-1-injected non-pregnant rats ([@b56-0050009]). Thus, these models might be most relevant for studying the downstream pathophysiology and treatment of preeclampsia, rather than its initial, pregnancy-specific cause.

Models of oxygen dysregulation
------------------------------

Several experimental models have been used to explore the role of oxygen deprivation and hypoxia-reperfusion injury in the pathophysiology of preeclampsia ([Fig. 2](#f2-0050009){ref-type="fig"}). Particularly useful as a test of this hypothesis is the rat reduced uterine perfusion pressure (RUPP) model, in which the ovarian arteries that supply the uterus are surgically narrowed to reduce uterine blood (and oxygen) flow ([@b1-0050009]). Although similar approaches have been taken in several other species, including primates ([@b54-0050009]), this has been most commonly used in the rat, resulting in nearly 80 publications. The RUPP model exhibits proteinuria, hypertension, increased levels of sFLT-1 and the inflammatory cytokine interleukin-6 (IL-6), reduced levels of PLGF, and fetal growth restriction ([@b29-0050009]; [@b35-0050009]; [@b6-0050009]; [@b31-0050009]), making it an excellent potential model to test treatments that address any of these symptoms of preeclampsia. However, placentas in the RUPP model do not exhibit reduced trophoblast invasion, a key aspect of preeclampsia. Moreover, the fundamental drawback of this model is that surgical occlusion of arteries is not the cause of the human disease ([@b58-0050009]).

A related hypothesis states that hypoxia is not only a result of insufficient trophoblast invasion of spiral arteries, but a cause of it. This has chiefly been tested through in vitro models that allow precise control of local oxygen concentrations. These models have been used to examine the effect of hypoxia and hypoxia-reperfusion injury on extravillous trophoblast differentiation and invasion. In both primary first trimester placental cells ([@b38-0050009]) and embryonic-stem-cell-derived trophoblast (J.M.S., D.J.S. and L.C.S., unpublished observations), invasion through a Matrigel matrix is inhibited by hypoxic conditions. Conversely, in HTR-8/SVneo cells (immortalized cells derived from extravillous trophoblast), hypoxia enhances invasion in vitro ([@b34-0050009]). Similarly, exposure of whole pregnant rats to hypoxia via a hyperbaric chamber was found to stimulate trophoblast cell invasion in vivo ([@b70-0050009]).

Hypoxia-inducible factor 1-α (HIF-1α) is a transcription factor that plays a key role in mediating cellular and systemic responses to hypoxia. Multiple methods of inducing excess HIF-1α have been used to assess whether hypoxia plays a causal role in preeclampsia. These include HIF-1α-overexpressing transgenic mice ([@b81-0050009]), knock down of the HIF-1α inhibitor CITED2 ([@b90-0050009]) and knockout of the COMT enzyme, which produces the HIF-1α inhibitor 2-methoxyestradiol (2-ME) ([@b41-0050009]). These models show incomplete remodeling of maternal spiral arteries, fetal and placental growth restriction, hypertension, and proteinuria. By contrast, injection of 2-ME suppresses HIF-1α in the COMT model, and reverses symptoms. However, the ability of these models to reproduce many features of the human disease does not distinguish whether it is hypoxia per se or inappropriate activation of the hypoxia pathway that results in preeclampsia ([@b15-0050009]; [@b41-0050009]; [@b69-0050009]). Regardless of which hypothesis is correct, models that induce a hypoxic response in the placenta seem to best recapitulate multiple aspects of preeclampsia, and could be useful to test potential treatments for the disorder.

###### Case study

A 31-year-old female, pregnant with her first child, at 30 0/7 weeks of gestation presented to the obstetrics triage unit with a chief complaint of decreased fetal movement. Fetal heart monitoring showed a reactive fetal tracing (indicating a sign of fetal well-being). The mother's blood pressure was found to be 170/90 on two separate occasions. Laboratory evaluation revealed a normal hemoglobin and hematocrit (Hgb and Hct) with no evidence of hemoconcentration, normal platelets, and mild elevations in uric acid and liver function tests (AST and ALT). The patient was admitted to labor and delivery with a diagnosis of severe preeclampsia for continuous monitoring, serial laboratory evaluations and a course of betamethasone to accelerate fetal lung maturity. She was started on magnesium sulfate for seizure prophylaxis. At 2 hours after admission, the patient complained of a sudden onset of severe (10/10) epigastric pain. Repeat laboratory tests demonstrated thrombocytopenia with a platelet count of 70,000, and AST and ALT each \>ten times the upper limit of normal. Cervical exam was unfavorable, indicating a very low likelihood of successful induction of labor. The patient was diagnosed with HELLP syndrome and delivered by emergency Cesarean section under general anesthesia. Immediately after delivery, the patient's blood pressure returned to normal. Serial laboratory evaluations showed an immediate reversal of all laboratory abnormalities: all values returned to within normal range within 24 hours. Magnesium sulfate was continued for 24 hours after delivery. The patient was discharged from the hospital on post-operative day number 3. The infant remained in the neonatal intensive care unit.

The idea that preeclampsia results from inappropriate activation of hypoxic factors, particularly HIF-1α, was proposed partly on the basis that multiple markers of oxidative stress are observed in preeclamptic placentas ([@b13-0050009]). Such stress markers would not be predicted to be induced by hypoxia alone. An alternative explanation for this observation posits that hypoxia-reperfusion injury -- rather than hypoxia alone -- plays a causal role in preeclampsia. According to this theory, failed trophoblast-mediated remodeling of high-resistance maternal spiral arteries into non-vasoactive blood conduits creates alternating periods of hypoxia and normoxia as the vessels contract and relax ([@b37-0050009]). Using cultured term placental fragments as an in vitro model, it has been shown that reoxygenation of hypoxic tissue results in the production of pro-inflammatory cytokines and sFLT-1 ([@b37-0050009]), but no animal model has been developed to directly test whether hypoxia-reperfusion injury plays a role in preeclampsia. Perhaps the closest model available for testing this hypothesis is the peroxiredoxin-III-knockout mouse, a model of oxidative damage in which placental lipid peroxidation and tumor necrosis factor-α (TNFα) production are enhanced ([@b51-0050009]). However, these animals do not exhibit hypertension or systemic endothelial changes.

Immune models
-------------

There are several lines of evidence supporting a role for maternal immune response in the development of preeclampsia ([Fig. 2](#f2-0050009){ref-type="fig"}). First, several immune-associated risk factors increase the probability that a woman will develop preeclampsia, including preexisting autoimmune disease ([@b23-0050009]; [@b83-0050009]). Second, primiparity, a change of partner and a short initial coitus-to-conception interval are all risk factors for preeclampsia, suggesting that the response to paternal antigens plays a role ([@b7-0050009]; [@b83-0050009]). This hypothesis is supported by the ability of seminal plasma to suppress the female recipient's response to paternal antigens ([@b52-0050009]; [@b66-0050009]). Finally, concentrations of inflammatory cytokines are significantly increased, and placental production of the anti-inflammatory cytokine IL-10 is decreased, in women with preeclampsia ([@b46-0050009]; [@b86-0050009]; [@b53-0050009]).

Multiple animal models have been developed to examine the role of the immune response, particularly inflammation, in the pathogenesis of preeclampsia. Administration of low-dose endotoxin (a bacterial derivative that stimulates the immune response) to pregnant rats results in hypertension and proteinuria, but increases in anti-angiogenic factors have not been reported in this model ([@b24-0050009]). Two inflammatory cytokines that are elevated in the serum of women with preeclampsia, TNFα ([@b46-0050009]; [@b8-0050009]) and IL-6 ([@b86-0050009]), have been used to create animal models that demonstrate the role of inflammation in preeclampsia. TNFα-infused pregnant rats and baboons exhibit elevated blood pressure, increased urinary protein and elevated circulating concentrations of sFLT-1 ([@b48-0050009]; [@b78-0050009]). In addition, IL-6 administration causes similar increases in blood pressure and proteinuria in pregnant rats, although sFLT-1 levels in these animals were not assessed ([@b61-0050009]). Conversely, exposure of an IL-10-knockout mouse to a hypoxic environment during pregnancy resulted in preeclampsia symptoms, whereas only fetal growth restriction occurred in wild-type mice exposed to hypoxia ([@b47-0050009]). Inhibition of IL-10 by passive immunization (i.e. with a monoclonal antibody to IL-10) during early gestation increases blood pressure in pregnant baboons ([@b60-0050009]).

Autoantibodies to angiotensin II type I (AT~1~) receptors and phospholipids have been seen in some women with preeclampsia, and these might increase disease risk ([@b63-0050009]; [@b2-0050009]). Thus, passive immunization against autoantigens has also been used to produce animal models of preeclampsia. In both rats and mice, injection of anti-AT~1~-receptor antibodies during pregnancy induces symptoms of preeclampsia, including hypertension, proteinuria and defects in vascular remodeling ([@b93-0050009]; [@b88-0050009]). Interestingly, this treatment also increases HIF-1α expression, suggesting a potential pathophysiological link between hypoxic and immune factors ([@b88-0050009]). It has also been suggested that hypoxia results in trophoblast cell death and increased shedding of paternal antigens into the maternal circulatory system, thereby triggering maternal allogenic immune responses ([@b40-0050009]).

Models of preexisting risk of hypertension and vascular damage
--------------------------------------------------------------

The severity and sudden consequences of preeclampsia distinguish it from chronic hypertension. However, because it is possible that some young women have undiagnosed hypertension and then do not present for prenatal care until after 20 weeks of gestation, it can be clinically difficult to distinguish between a patient with pregnancy-induced hypertension and a pregnant patient who had pre-existing hypertension. Preexisting hypertension prior to pregnancy, a family history of hypertension or previous vascular damage from diabetes all increase the risk of developing preeclampsia ([@b74-0050009]; [@b83-0050009]). It is therefore important to study models that assess the role of underlying hypertension in the evolution of preeclampsia. The BPH/5 mouse strain, which is mildly hypertensive, has been used to study the link between preexisting hypertension and preeclampsia. These mice develop multiple preeclampsia-like symptoms, including late gestational hypertension, proteinuria, endothelial dysfunction, poor placental development and abnormal maternal uterine arteries ([@b20-0050009]; [@b22-0050009]). This important model has been used to test potential therapies for preeclampsia that could be used to treat patients with preexisting hypertension, including administration of the pro-angiogenic factor VEGF121, which prevents the development of preeclampsia-like symptoms in BPH/5 mice ([@b91-0050009]).

Many studies have explored the link between general hypertension and preeclampsia through alterations in the renin-angiotensin system, a major endocrine regulator of blood pressure. The model described above involving injection of anti-AT~1~-receptor antibodies exhibits preeclampsia symptoms not just because of an immune response, but because the antibodies activate the AT~1~ receptor, which mediates most of the blood-pressure-increasing activities of angiotensin II ([@b93-0050009]). This has been shown by co-injection of an AT~1~ receptor antagonist and anti-AT~1~-receptor autoantibodies; the antagonist blocks the ability of the autoantibodies to trigger preeclampsia in pregnant mice ([@b93-0050009]). Furthermore, human angiotensinogen-overexpressing female mice or rats mated with human renin-overexpressing males develop pregnancy-specific symptoms resembling preeclampsia, including hypertension and intrauterine growth restriction ([@b79-0050009]; [@b25-0050009]; [@b10-0050009]). Mouse offspring with both transgenes also exhibit hypertension outside of pregnancy ([@b25-0050009]). The induction of preeclampsia signs is dependent on parent of origin such that renin and angiotensin are expressed in the placenta on the fetal and maternal sides, respectively, of the maternal-fetal interface ([@b80-0050009]; [@b10-0050009]). Finally, anti-AT~1~-receptor autoantibodies have been found in the angiotensinogen-renin model, suggesting yet another mode of action ([@b21-0050009]).

Translation of preeclampsia models into clinical testing and treatments
=======================================================================

The various models discussed above have provided many insights into the processes and factors that contribute to preeclampsia. In future, the use of in vitro models will continue to deepen our understanding of normal and pathological trophoblast differentiation and invasion. These models, however, are limited in their ability to explain a disease of complex interactions and effects on protean tissues. The development of in vivo animal models, particularly in the rat and mouse, has added to in vitro approaches by replicating many of the essential features of preeclampsia. However, no single model recapitulates all aspects of the clinical syndrome, and none of them accurately models progression of the disease from preeclampsia to its most dangerous endpoint, eclampsia. In fact, the only successful drug used in the treatment of preeclampsia is magnesium sulfate. Although there are recent data suggesting that magnesium sulfate has neuroprotective effects on the fetus ([@b65-0050009]), it is classically used in the treatment of preeclamptic women exclusively for the prevention of convulsions associated with eclampsia. Delivery of the pregnancy remains the only standard and effective treatment of preeclampsia, and preterm birth as the result of this treatment is the major cause of perinatal morbidity and mortality.

Despite their drawbacks, in vitro and animal models of preeclampsia can still be used fruitfully to explore preeclampsia's causes and potential treatments. For instance, models have been used to investigate the fairly controversial issue of low-dose aspirin treatment for the prevention of preeclampsia. The rationale for this treatment was based on the large amount of in vitro and animal data linking preeclampsia to impaired placental perfusion and ischemia, and, furthermore, on data linking ischemia to endothelial dysfunction and platelet activation ([@b39-0050009]) and consumption ([@b64-0050009]). Aspirin irreversibly inhibits the production of thromboxine A2 in platelets and thereby inhibits platelet aggregation, so the use of this relatively common and presumably safe medication seemed to offer a biologically plausible intervention. Additional in vitro and animal studies suggested that early abnormalities in trophoblast-mediated maternal spiral artery remodeling ([@b1-0050009]; [@b6-0050009]; [@b37-0050009]; [@b54-0050009]; [@b51-0050009]) might result in hypoxia-reoxygenation injury in the placenta secondary to oxidative damage. These studies provide further rationale for use of low-dose aspirin for the prevention of preeclampsia, owing to a different mechanism of action: the known ability of aspirin to modulate thromboxane- but not prostacyclin-mediated vasoconstriction ([@b55-0050009]; [@b82-0050009]).

Although studies on the use of low-dose aspirin for the prevention of preeclampsia have flooded the literature since the 1980s ([@b12-0050009]; [@b71-0050009]; [@b76-0050009]; [@b77-0050009]), there remains considerable controversy regarding its efficacy. Despite a large meta-analysis reporting a small benefit of aspirin in preventing preeclampsia \[relative risk (RR), 0.9; confidence interval (CI), 0.83--0.97\] ([@b5-0050009]), two other very recent meta-analyses on this topic came to opposing conclusions. In 2011, Rossi and Mullin used pooled data from approximately 5000 women at high risk and 5000 women at low risk for preeclampsia and reported no effect of low-dose aspirin in the prevention of the disease ([@b71-0050009]). In 2010, Bujold et al. pooled data from over 11,000 women enrolled in randomized controlled trials evaluating low-dose aspirin in the treatment of pregnant women at moderate or high risk for preeclampsia ([@b12-0050009]). They concluded that women who initiated treatment at less than 16 weeks of gestation had an RR of 0.47 (CI, 0.34--0.65) for developing preeclampsia and a 0.09 RR (CI 0.02--0.37) for developing severe preeclampsia compared with controls. Aspirin treatment started after 16 weeks of gestation did not prevent disease. Such markedly different conclusions might be explained by differences in the chosen study populations. The Rossi study did not stratify patients by time of aspirin treatment initiation during gestation. Evidence that abnormalities in placental vascular flow characteristics and in serum biomarkers can be seen among women at high risk for preeclampsia as early as 7 weeks of gestation ([@b18-0050009]; [@b73-0050009]) indicates that early initiation might be important in disease prevention. Other design differences between the studies conducted by Rossi and Mullin versus Bujold et al. point to the possibility that aspirin treatment is most effective in moderate- to high-risk patients.

The quest to identify disease biomarkers that would allow for accurate and early prediction of preeclampsia has intensified in the past decade. A combination of in vitro data, results from animal model studies and clinical investigations has been used to develop diagnostics based on maternal characteristics, ultrasonographic velocity measurements, and serum-, urine- and tissue-based assays to identify pregnant women who are most likely to develop preeclampsia ([@b17-0050009]; [@b33-0050009]; [@b43-0050009]; [@b49-0050009]). In addition, a recent report used chorionic villus samples taken from pregnant women at 11 weeks of gestation to develop an mRNA profile for those destined to become preeclamptic ([@b26-0050009]). The authors of this study suggest that alterations in IL-8, matrix metal-loproteinase-9, human leukocyte antigen-G (HLA-G) and chemokine (CXC motif) ligand 10 are potentially useful for assessing risk, but that altered expressions of neurokinin B and HLA-C are the most predictive. Although none of the many biomarker profiles suggested to date optimally predicts the disease, the latter study demonstrates one of the novel approaches being taken to allow early detection and suggests that multiple markers will need to be included to develop a useful predictive test.

###### Basic and clinical research opportunities

-   To develop an animal model that manifests all the signs of preeclampsia and progresses to eclampsia.

-   To develop an animal model that directly tests the ability of reduced trophoblast invasion to cause the features of preeclampsia.

-   To determine whether there is a single common etiology of preeclampsia, or whether it represents a class of related diseases with different etiologies.

-   To use relevant animal models to test potential drug therapies for the treatment of some or all forms of preeclampsia.

-   To identify key biomarkers of preeclampsia that will reliably enable early diagnosis of the disease.

The future
==========

Despite the publication of over 25,000 articles on the etiology, prediction, diagnosis and treatment of preeclampsia, many basic questions remain. Is it one or many diseases? Can we accurately predict those women who will manifest the disease by using a single set of parameters? If diagnosed early enough, can the disorder be prevented? If so, what will an effective prevention strategy entail? Can we reverse a process that might begin with dysregulation of trophoblast invasion at its earliest stages? Many models have been developed to address these questions, but many others must be developed before we have the necessary tools to fully understand this complex disorder. As we can currently model the vascular pathology of preeclampsia with some success, it is most likely that targeting vascular abnormalities will be the focus of emerging therapies (e.g. statin therapy). By contrast, basic research will probably focus on identifying and modeling the initiation of the disease process, an area in which there is little consensus. The field remains in desperate need of bold investigators, innovative modeling approaches and new insights into pathophysiology.
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